Since the discovery of long-range magnetic orders in the two-dimensional (2D) van der Waals (vdW) crystals, 1,2 significant interest on such 2D magnets has emerged, inspired by their appealing physical properties and integration with other 2D family for unique heterostructures [1] [2] [3] [4] [5] [6] [7] [8] . In known 2D magnets such as Cr2Ge2Te6 1 , CrI3 2-4 and Fe3GeTe2 5 , spinorbit coupling (SOC) stabilizes perpendicular magnetic anisotropy (PMA) down to one or few monolayers. Such a strong SOC could also lift the chiral degeneracy, leading to the formation of topological magnetic configurations such as skyrmions 9, 10 through the Dzyaloshinskii-Moriya interaction (DMI) 11, 12 . Here, we report the experimental observation of magnetic skyrmions and their ordered crystal structures in a vdW ferromagnet Fe3GeTe2.
Using high-resolution scanning transmission X-ray microscopy (STXM) and Lorentz transmission electron microscopy (LTEM) measurements, we demonstrate that a skyrmion crystal (SkX) state in Fe3GeTe2 can be generated by both dynamically using current pulses and statically using canted magnetic fields, where our LTEM measurements suggest that the observed skyrmions in SkX state are homochiral. Our finding opens the door to chiral magnetism and topological spin textures based on 2D vdW magnets, which will pave a new avenue towards 2D magnet-based topological spintronics.
Two-dimensional (2D) van der Waals (vdW) crystals have been significantly highlighted as a unique material platform, mainly due to their fascinating physical properties, low-cost fabrication and high integrability to produce appealing artificial heterostructures 13, 14 . Recent addition of magnetic 2D vdW crystals, where intrinsic long-range magnetic orders were observed in Cr2Ge2Te6 (ref. 1 ) and CrI3 (ref. 2 ), offered a new building block to this platform, opening a whole new door to vdW magnet-based spintronics [6] [7] [8] . Therefore, significant following interests have emerged and rapidly demonstrated few key elements for applications, including the magnetoresistance (MR) effects 3, 4 and gate-tunable room-temperature magnetism 5 .
Whereas the long-range magnetic order is often suppressed in vdW crystals due to thermal fluctuations given by Mermin-Wagner theorem, 15 strong spin-orbit coupling (SOC) in vdW magnets plays an essential role in stabilizing the perpendicular magnetic anisotropy (PMA) and thus overcomes the thermal fluctuations down to a monolayer limit. 2, 5 In a material with such large SOC and broken inversion symmetry, the anti-symmetric exchange interaction, so called Dzyaloshinskii-Moriya interaction (DMI) 11, 12 , can emerge and strong enough to stabilize topological magnetic configurations including skyrmions 9, 10 . Recent theoretical works have also discussed the emergence of DMI in 2D vdW magnets with various possible origins, e.g. crystal symmetry or sample boundary, as well as resulting skyrmion stabilization [16] [17] [18] . However, experimental demonstration of chiral magnetic configurations or skyrmions in such vdW magnets has remained elusive and challenging.
Here we present the observation of magnetic skyrmions and their ordered crystal structures in a vdW ferromagnetic Fe3GeTe2 (FGT hereafter). Among various types of vdW magnets, FGT exhibits relatively high ferromagnetic transition temperature (TC), large PMA and metallic nature that enables efficient charge/spin transport suitable for spintronic applications 5, 19 . In this study, we Fig. 1a . Overall, the reduced bulk crystal symmetry in FGT is known to provide a magnetocrystalline anisotropy induced by strong SOC 21 .
For both electrical and transmission microscopy measurements on the same sample, we fabricated Hall-bar type FGT device on a 100-nm-thick Si3N4 membrane using soft mechanical exfoliation technique together with e-beam lithography and lift-off [see Methods and
Supplementary Information for details]. Figure 1b shows the cross-sectional view of highresolution transmission electron microscopy (HRTEM) images of the device, where layered highcrystalline quality FGT is observed (Fig. 1b, inset) . Note that FGT layer is sandwiched by two Figure 2b shows the magnetic domain configurations in the FGT device as a function of out-of-plane magnetic field, Bz, at 120 K, which confirms strong magnetic contrast observable in FGT from STXM measurements. Note that the alternative field-sweep procedure (Bz = +200 mT → -60 mT → 0 mT) described in Fig. 1d was used to generate the initial magnetic configuration at zero field.
The dark and bright contrasts in STXM images correspond to downward (-Mz) and upward (+Mz)
out-of-plane magnetization direction of Fe atoms in FGT, respectively. With increasing out-ofplane field Bz > 0, the up domains expand while the down domains shrink into narrow domains, vanishing at the saturation field of Bz = +80 mT.
Having established that multi-domain states can be readily stabilized and observed in FGT,
we then examined the current-induced generation of magnetic skyrmions, as summarized in Fig.   3 . In our previous study using conventional chiral ferromagnetic multilayers, Pt/CoFeB/MgO, we demonstrated that the application of bipolar pulses could transform labyrinth domains with chiral domain walls into multiple skyrmions 22 , and the recent study by Lemesh et al. [ref. 23 ] unveiled the mechanism to be current-induced thermal transformation into skyrmions, because the energy barrier towards the global skyrmionic ground state decreases with increasing temperature. To utilize the same technique on the FGT device, we applied the burst of 100 bipolar pulses, where the pulse frequency of 1 MHz, the peak-to-peak voltage of Vpp = 2.96 V and the pulse width of 10 ns were used at Bz = -40 mT and 120 K. As shown in Fig. 3a , it is immediate obvious that the bipolar pulse injection transformed the labyrinth random domain state into multiple circular domain state, where these circular domains turn out to be chiral magnetic skyrmions in Fig. 4 . We performed the same procedure at slightly lower temperature, 100 K, and the consistent transformation into multiple skyrmions is observed and the generated skyrmions remain stable at zero magnetic field, Bz = 0 mT (highlighted in a blue-boxed area in Fig. 3a) . As was observed in ferromagnetic chiral multilayers, the thermal excitation induced by the bipolar pulses may have opened a path towards global skyrmionics state 22, 23 . We examined and observed the consistent At such disordered multi-skyrmion state at 100 K, we applied alternative positive and negative magnetic fields with increasing magnitude up to Bz = ±80 mT with the step of Bz = ±10
mT, as the application of static fields could annihilate pinned weak skyrmions and rearrange them driven by inter-skyrmion repulsive forces, leading to the stabilization of ordered skyrmion state 25, 26 . Figure 3b shows the zero-field magnetic configuration after the field sweep, and surprisingly, the initial disordered magnetic skyrmions transformed into ordered hexagonal SkX. The inset of Fig.   3b presents the enlarged STXM images at a magnetic field, Bz = -80 mT, where the ordered SkX state is more clearly observable (few SkXs are highlighted with blue colors and white lines for guide). The symmetry of SkX also agrees with the symmetry observed in non-centrosymmetric B20-type chiral magnets 9, 10 . After stabilizing the SkX state, we then plotted the experimental phase diagram of magnetic configurations in FGT, based on the real-space STXM measurements as summarized in Fig. 3c . We observed three magnetic configuration phases: i) SkX, ii) the coexistence of SkX and multi-domains, and iii) saturated ferromagnetic states, where the representative STXM images of each state are included in the right panel of Fig. 3c . It should be noted that, once generated, SkX in FGT can be stabilized at a wide range of magnetic field and temperature. Moreover, unlike SkX in B20-type chiral magnets 9,10 , SkX state remains stable at zero magnetic field. Together with the recent discovery of gate-tunable room-temperature magnetization in the same material 5 , it might also be possible to harness and manipulate magnetic skyrmions and their lattice at room temperature and zero magnetic fields, which will constitute a major breakthrough towards room-temperature skyrmion applications based on vdW magnets.
To access the chiral information of observed magnetic configurations, we performed the LTEM measurement as summarized in In summary, using high resolution magnetic microscopy, we demonstrated the observation of chiral magnetic skyrmions and their lattice phase stabilization in a vdW ferromagnet FGT. We further examined the stability of SkX in FGT over a wide range of temperature and magnetic field, including its zero-field manifestation. The possibility to achieve magnetic skyrmions and their lattice phase in vdW magnets marks a significant advance in vdW magnet-based spintronics.
Along with the large potential of skyrmions for future spintronic devices to store, process, and transmit data with extremely low power cost, this work will foster a new novel route towards 2D magnet-based topological spintronics. Microscopy imaging of domain structures using scanning transmission X-ray microscopy. a, Schematic of scanning transmission X-ray microscopy (STXM) experimental setup used for magnetic domain imaging and simultaneous electrical pulse injections. The inset shows scanning electron microscopy (SEM) image of the measured device with Hall bar geometry. Scale bar, 4 μm. Two electrode pads on horizontal x-axis were used for electrical pulse applications, and oscilloscopes before and after device were used to verify the pulse profiles before and after device, respectively. b, Exemplary STXM images acquired as a function of increasing magnetic field from Bz = 0 mT to Bz = 80 mT at 120 K. Dark and bright contrast correspond to magnetization of Fe atoms oriented down (-Mz) and up (+Mz), respectively. Scale bar, 1 μm.
Fig. 3│
Generation and stabilization of magnetic skyrmion lattice phase. a, The two images on the left side were acquired at Bz = -40 mT at 120 K and 100 K after the initial saturation at Bz = +200 mT, respectively, where an initial labyrinth domain states were stabilized. The right two images at Bz = -40 mT were acquired after the application of bipolar pulse bursts at 120 K and 100 K, respectively, and the other two images at Bz = 0 mT were acquired after removing magnetic fields. Scale bar, 1 μm. b, Representative STXM image of skyrmion crystal (SkX) stabilized over the whole FGT device at Bz = 0 mT and T = 100 K. Scale bar, 2 μm. For clarity, the enlarged image of SkX was obtained at Bz = -80 mT. Scale bar, 1 μm. The hexagonal white lines are drawn to guide eye for the ordered SkX, and the inset schematic represents the exemplary magnetic configuration of SkX found in chiral magnets for comparison. Note that skyrmion polarity in b (-Mz core) is different from a (+Mz core), as the initial field-sweep procedure of reversed field direction was used before the pulse application: Bz = -200 mT → +40 mT. c, Experimental phase diagram of magnetic configurations as a function of temperature and magnetic field. Note that the line profile for simulation was acquired by assuming 100 nm-size Néel-type skyrmion.
